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A s i m p l i f i e d  heat  t r a n s f e r  model i s  analyzed i n  o r d e r  t o  es t ima te  an upper 
bound f o r  biomass p a r t i c l e  s i z e  i n  conduc t ing  exper imenta l  p y r o l y s i s  k ine -  
t i c s .  I n  de te rm in ing  i n t r i n s i c  k i n e t i c  r a t e s ,  i t  i s  d e s i r a b l e  t h a t  t he  
e n t i r e  p a r t i c l e  be a t  r e a c t o r  temperature f o r  t h e  d u r a t i o n  o f  t h e  chemical 
r e a c t i o n ,  
up r a t e s ,  an approximate boundary f o r  p a r t i c l e  s i z e  can be cons t ruc ted  as 
a f u n c t i o n  o f  temperature; above t h i s  boundary, t h e  r e a c t i o n  r a t e  i s  s t r o n g l y  
heat t r a n s f e r  dominated, and below t h e  boundary t h e  r e a c t i o n  r a t e  i s  k i n e t i c -  
a l l y  c o n t r o l l e d .  Us ing  parameters f o r  c e l l u l o r  p y r o l y s i s ,  i t  i s  est imated 
t h a t  a 100 p p a r t i c l e  w i l l  b e  heat  t r a n s f e r  l i m i t e d  due t o  i n t e r n a l  heat 
t r a n s f e r  a t  temperatures above 500°C. 

I n  order  t o  e x p e r i m e n t a l l y  determine k i n e t i c  parameters f o r  p y r o l y s i s  decomposit ion 
o f  biomass m a t e r i a l s ,  i t  i s  t y p i c a l l y  assumed t h a t  t h e  r e a c t i o n s  a re  f i r s t  o rde r  w i t h  2 , 
respec t  to ,mass and t h a t  t h e  s o l i d  m a t e r i a l  i s  a t  u n i f o r m  temperature. 
t i o n  temperature i s  increased, t h e  k i n e t i c  r a t e s  e v e n t u a l l y  become f a s t e r  than t h e  
associated heat  t r a n s f e r  r a t e s  ( i n t e r n a l  and e x t e r n a l ) .  A t  h i g h e r  temperatures, 
t h e  decomposit ion r a t e  becomes hea t  t r a n s f e r  l i m i t e d ,  and any k i n e t i c  i n t e r p r e t a -  
t i o n  must i n c l u d e  a t r a n s p o r t  model o f  t h e  process. S ince t h e  temperature r e g i o n  
ove r  which t h e  t r a n s i t i o n  f rom k i n e t i c  c o n t r o l  t o  heat  t r a n s f e r  c o n t r o l  t akes  p lace  
i s  a s t rong f u n c t i o n  o f  p a r t i c l e  dimension, i t  i s  impor tan t  f o r  t he  k i n e t i c i s t  t o  use 
r e l a t i v e l y  smal l  p a r t i c l e s  i f  t h e  temperature u n i f o r m i t y  assumption i s  made. A 
s i m p l i f i e d  model w i l l  be presented f o r  de te rm in ing  t h e  p a r t i c l e  s i z e  liiiit f o r  t h e  
k i n e t i c  c o n t r o l l e d  regime. 

I n  t h i s  development, severa l  s i m p l i f y i n g  assumptions a re  made i n  o r d e r  t o  achieve 
r e a d i l y  i n t e r p r e t e d  r e s u l t s .  W i t h i n  the  r e g i o n  o f  i n t e r e s t ,  t h a t  i s  t he  t r a n s i t i o n  
from a k i n e t i c  r a t e  c o n t r o l l e d  mechanism t o  t h a t  i n f l u e n c e d  by heat  t r a n s f e r  l i m i t a -  
t i o n s ,  the assumptions a re  reasonable and l e a d  t o  meaningfu l  r e s u l t s .  
t o  quan t i f y  t h e  dimension r e f e r r e d  t o  as " t h e r m a l l y  t h i c k "  and t o  develop an under- 
s tand ing  o f  how t h i s  c h a r a c t e r i s t i c  dimension changes w i t h  temperature. The r a t i o -  
n a l e i s t o  d e f i n e  t h e  r e g i o n  i n  which k i n e t i c  data may be s a f e l y  i n t e r p r e t e d  w i thou t  
t h e  necess i t y  t o  model t h e  hea t  and mass t r a n s f e r  process. 

I n  t h e  l i g h t  of r e c e n t  work by Chan and K r i e g e r  ( l ) ,  i t  i s  c l e a r  t h a t  t r a n s p o r t  
l i m i t a t i o n s  p l a y  an impor tan t  r o l e  i n  govern ing t h e  o v e r a l l  r a t e  o f  s o l i d  deconi- 
p o s i t i o n  f o r  l a r g e  p a r t i c l e s .  Severa l  d e t a i l e d  and w e l l  developed s o l u t i o n s  a re  
a v a i l a b l e  ( 2 ,  3, 4, 51, however, an i n t e r p r e t a t i o n  o f  what these cons ide ra t i ons  
mean t o  the k i n e t i c i s t  i s  needed. 

By comparing c h a r a c t e r i s t i c  t imes  f o r  r e a c t i o n  r a t e s  versus heat  

As the  reac- 

The goal i s  

Model Development and S o l u t i o n  

The s imp les t  geometry t o  assume i s  t h a t  o f  t h e  s e m i - i n f i n i t e  s l a b  o f  de f i ned  t h i c k -  
ness. 
The s t a r t i n g  energy equa t ion  ( s i m p l i f i e d )  i s  

There i s  a l s o  some p r a c t i c a l  j u s t i f i c a t i o n  as wood ch ips  cou ld  be so descr ibed.  
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PCP 2 = 
2 a~ 

k -  + k   ax^ r x  ‘0 

krx = 1 s t  o r d e r  r a t e  c o n s t a n t  

= heat  o f  r e a c t i o n  

p = p a r t i c l e  d e n s i t y  

The energy t r a n s p o r t  due 
n i z i n g  t h a t  t h e  r e s u l t i n g  s o l u t i o n  w i l l  h o l d  o n l y  f o r  r e l a t i v e l y  s low (compared 
t o  heat  t r a n s f e r )  k i n e t i c  r a t e s .  Since t h i s  i s  t h e  r e g i o n  o f  i n t e r e s t ,  no l o s s  
of i n fo rma t ion  r e s u l t s .  I n  a d d i t i o n ,  recogn iz ing  t h a t  we a r e  c o n s i d e r i n g  cases 
f o r  r e l a t i v e l y  slow k i n e t i c  r e a c t i o n s  o r  f o r  i n i t i a l  r a t e  s t u d i e s ,  i t  i s  a l s o  
assumed t h a t  we have constant  d e n s i t i e s  and cons tan t  phys i ca l  p r o p e r t i e s .  

The r e a c t i o n  r a t e  c o e f f i c i e n t  i s  “exponen t ia l ”  w i t h  temperature,  however a l i n -  
ea r i zed  form expanded about t h e  r e a c t o r  temperature r e s u l t s  i n  s i g n i f i c a n t  s i m p l i -  
f i c a t i o n  and i s  j u s t i f i e d  s i n c e  the  r a t e  drops so r a p i d l y  w i t h  temperature.  It 
a l s o  tu rns  o u t  t h a t  t h e  r e g i o n  o f  pr imary i n t e r e s t  i s  w i t h i n  about 10°C o f  t he  
r e a c t o r  temperature, so t h a t  a l i n e a r i z e d  r a t e  cons tan t  i s  a good approx imat ion:  

o v o l a t i l e  e v o l u t i o n  and d i f f u s i o n  i s  neglec ed, recog- 

ko = r a t e  c o e f f i c i e n t  a t  T, 

I f  we d e f i n e  d imensionless coo rd ina tes  

T = t/(pC,B2/k) 
X c = -  B 

where 28 = p a r t i c l e  t h i c k n e s s  

and a d imensionless temperature 

T- To 
1) = - 

T1 -To 
To = s u r f a c e  temperature 

T1 = i n i t i a l  temperature 

the energy equa t ion  reduces t o  
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The i n i t i a l  condition i s  

$(O) = 1 from T (x ,o)  = T1 
i 

4 )  
I 

i 
and the  boundary conditions used a re  

symnetry about x =O 5) 

i i )  + ( 1 , ~ )  = 0 from T = To a t  x = B 

The second boundary condition assumes tha t  the surface temperature can be speci- 
fied with high external heating fluxes ava i lab le  using f lu id  beds, rad ia t ion ,  or 
other devices. I t  i s  important t o  no te  t h a t  external heat t r ans fe r  i s  a l so  often 
l imiting and tha t  the  estimate t o  be presented here fo r  an upper bound pa r t i c l e  
dimension would need t o  be revised downward in such cases. 

This "init ial-boundary value" problem can be solved ana ly t ica l ly  following the 
development i n  B i r d ,  e t .  a l .  (6) or Carslaw and Jaeger ( 7 ) .  

For endothermic reactions ( A  = negative):  
J 
/ 

6 = +ss + O t  6) 

$ss  = steady s t a t e  so lu t ion  

$ t  = t r ans i en t  so lu t ion  

$ss = t [ 
- l l  

exp ( 6 5 )  + e x p  ( -&c)  
exp 5 + exp - Jay 

Cellulose and  wood pyro lys isare thought  to  be endothermic ( 3 ,  5 ) ,  however fo r  
completeness the solution for exothermic reactions i s  a l so  given: 

0 = $ss  + O t  
7 )  
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- _L- oss = y C O S E T  1 
7b)  

The s o l u t i o n s  presented a re  composed o f  a s teady s t a t e  and a t r a n s i e n t  s o l u t i o n .  
The steady s t a t e  s o l u t i o n  i s  c o r r e c t  ma themat i ca l l y  b u t  does n o t  rep resen t  a t r u e  
steady s t a t e  s o l u t i o n  f o r  r e a l  s i t u a t i o n s ,  w i t h  t ime  v a r y i n g  d e n s i t i e s  and 
phys i ca l  p r o p e r t i e s .  We can neve r the less  develop u s e f u l  i n f o r m a t i o n  f rom t h i s  
s o l u t i o n  i f  we recogn ize  i t s  l i m i t a t i o n s .  F igu re  1 shows t h e  a n a l y t i c a l  s o l u t i o n  
(Equat ion 6 )  f o r  o as a f u n c t i o n  o f  E and T f o r  t y p i c a l  va lues  o f  CI and y. 

Def in ing  t h e  Region Free o f  Heat T rans fe r  L i m i t a t i o n s  i 
1 S o l i d  decomposit ion r e a c t i o n s  a re  d i f f i c u l t  t o  conduct i n  a t o t a l l y  repea tab le  and 

p rec i se  manner. The main d i f f i c u l t i e s  a re  assoc ia ted  w i t h  sample u n i f o r m i t y ,  sam- 
p l e  l o c a t i o n  i n  t h e  r e a c t o r ,  temperature, and composi t ion.  

It could be argued t h a t ,  s i n c e  r a t e s  a r e  repea tab le  o n l y  t o  w i t h i n , s a y , l O  t o  20% 
accuracy, t h a t  t h e  temperatures w i t h i n  t h e  sample should a l s o  be w i t h i n  t h e  same 
l i m i t .  Th i s  means t h a t  i f  t h e  l o c a l  r a t e  i s  everywhere w i t h i n t h i s  10 t o  20% l i m i t ,  
t hen  we can d e f i n e  an a l l owab le  temperature p r o f i l e  assoc ia ted  w i t h  t h i s  p o s i t i o n  
dependent r e a c t i o n  r a t e .  
t h e  coo les t ,  we may determine t h e  temperature a t  t h e  c e n t e r  assoc ia ted  w i t h  90% ( o r  
80%) o f  t h a t  a t  t he  r e a c t o r  temperature, To. 

Using an Arrhenius express ion f o r  t h e  r a t e  cons tan t ,  k ,  we have t h e  temperature 
l i m i t ,  T,, d e f i n e d  as f o l l o w s :  

I n  t h e  p resen t  case, with t h e  c e n t e r  o f  t h e  p a r t i c l e  be ing  

TO T, = ____ 
R To 

E 1-- I n  0.9 

This  i n  t u r n  d e f i n e s  a minimum c e n t e r l i n e  p a r t i c l e  temperature and d imensionless 
temperatures 

AS a f i r s t  a t tempt  t o  f i x  an a p p r o p r i a t e  p a r t i c l e  s i z e ,  we can es t ima te ,  f rom 
Equation 6, t he  t i m e  r e q u i r e d  f o r  t h e  temperature a t  t h e  c e n t e r l i n e  t o  reach T,, 
o r  4,. Th is  t ime  can then be used t o  es t ima te  an approximate e x t e n t  o f  r e a c t i o n  
t o  determine how much o f  t h e  p a r t i c l e  may have py ro l yzed  i n  t h a t  t i m e  per iod.  
ac tua l  e x t e n t  o f  r e a c t i o n  would be l ower  s i n c e  t h e  p a r t i c l e  i s  n o t  u n i f o r m l y  a t  
To; t he  es t ima te  o r  p a r t i c l e  s i z e  l i m i t s  w i l l  t h e r e f o r e  be conserva t i ve .  

\ 

l 

The 
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Speci f ic  Examples of Cellulose Kinetics 

The r e su l t s  of examining ce l lu lose  decomposition as a spec i f ic  case are shown in 
Figure 2.  Example ca lcu la t ions  f o r  450°C a r e  shown as  follows: 

& e = - k p  
d t  

11 where k = 9.32(10 )exp(-35960/RT) min-’ ( r e f .  8) 

The time t o  reach 10% ( p / p  =0.9)  decomposition a t  reactor temperature i s  then 
determined by in tegra t ing  eo get  

- In O ”  = .0084 min 
t10 - - -k0 

The dimensionless time, T ,  associated with this 10% decomposition value i s  
dependent on pa r t i c l e  s i ze  

12)  

Using l i t e r a t u r e  values f o r  ce l lu lose  properties 

P = 0.5 g/cm3 

P 
k = 0.0003 cal/(cm-sec-OK) 

x = -100 ca l /g  

C = 0.32 cal/g-’C 

the following mathematical procedure was conducted. For a given temperature and 
and pa r t i c l e  s i ze ,  the time required fo r  t he  center l ine  temperature t o  reach tha t  
temperature (T,) associated with 90% of the  ultimate r a t e  was determined. 
u p  time was then compared t o  the  k ine t i c  time fo r  10% decomposition. 
s i ze  was then increased and the ca lcu la t ion  repeated. 

In a l l  cases,  the l imi ta t ion  imposed by the steady s t a t e  (o r  maximum possible) 
cen ter l ine  temperature was f i r s t  reached. This r e s u l t  validates t he  basic assump- 
t ions  used in  the derivation. I t  i s  therefore apparent tha t  jus t  the  steady, s t a t e  
portion of the solution can be used t o  obtain a n  estimated l imi t  f o r  pa r t i c l e  s ize .  
Spec i f ica l ly ,  a t  the center l ine ,  

This heat 
The pa r t i c l e  

Only o depends on pa r t i c l e  s i z e ,  so f o r  a given temperature l i m i t ,  the pa r t i c l e  
s i ze  associated with t h a t  steady s t a t e  l imi t  i s  readily calculated.  
of these calculations a r e  shown ow Figure 2 f o r  both 10% and 20% deviations from the 
ult imate ra te .  

If  the heat of reaction i s  considered t o  be zero,  then the  t rans ien t  solution must be 
used t o  determine the pa r t i c l e  s i ze  l i m i t  in the manner as just described. 

The r e su l t s  

This l imi t  
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i s  a l s o  shown on F igu re  2 f o r  10% and 20% d e v i a t i o n s  f rom t h e  u l t i m a t e  r a t e .  

' Summary 

' Using va r ious  assumptions as descr ibed,  i t  i s  seen t h a t ,  f o r  example, a p a r t i c l e  
dimension of 0.01 cm ( th i ckness  = 0.02 cm o r  200 microns)  m igh t  be i n v e s t i g a t e d  
k i n e t i c a l l y  up t o  about 45O-50O0C w i t h o u t  t a k i n g  t r a n s p o r t  l i m i t a t i o n s  due t o  
i n t e r n a l  p a r t i c l e  p r o f i l e s  i n t o  account. I f  e x t e r n a l  heat  t r a n s f e r  t o  t h e  p a r t i c l e  
su r face  i s  a l s o  slow, then  even lower  temperature l i m i t s  would occur .  
Equat ion 13 can be used t o  es t ima te  t h e  maximum p a r t i c l e  s i z e  f o r  v a r i o u s  va lues of 
t h e  dimensionless parameters. 
s i o n  f o r  a bed o f  f i n e  p a r t i c l e s  would be bed depth r a t h e r  than p a r t i c l e  s i ze .  
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